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Self-Excited Vibration of Plugs in Regulating Valves
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ABSTRACT Experimental research aimed at the increasing regulating valve reliability is described. In particular, vibration measurements of elastically supported plugs on axisymmetric models and on models with rectangular cross-section of the flow field ("2D-model") are described and discussed. Both models, geometrically similar with regard to the passage area, were designed so that the elasticity of the plug support could be simulated.
It has been shown that, in certain bands of the working parameters, self-excited transversal vibration of the plug appears. The boundaries of the self-excitation occurence have a certain hysteresis, which depends on working parameters. They are also influenced by the shape of the plug base. In the 2D-model, flow visualization and quantitative optical measurements, -using the Mach-Zehnder interferometer, were made simultaneously with the vibration measurements. The influence of the plug vibration on breaking of vortices in the diffuser is shown. NOMENCLATURE amplitude of vibration diameter of the elastic rod (see Fig. 2 
INTRODUCTION
Interaction between fluid flow and vibrating mechanical parts of valves sometimes leads to unfavourable working regimes of regulating valves and to fatigue of the valve spindle material. The effort to enhance the reliability and durability of these devices motivates the detailed investigation of the flow field in the vicinity of bluff bodies as a function of modal characteristics of mechanical parts. The modal characteristics of these systems can be usually described (Dobide, 1988) , but knowledge about the fluid flow behaviour is still too general.Therefore solution of this problem by analytical and numerical methods is not yet possible with sufficient accuracy.
In some cases, it is not possible to measure dynamic properties of the most important parts of the fluid flow devices during operation. This is caused by the conditions of the structure or service. For instance, the measuring apparatus cannot be incorporated in the structure of the flow device, otherwise it cannot sustain high temperature.
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In these cases, modelling is often used. One of the broadly used approach is the study of models which meet the conditions of physical similarity only partly. By using theoretical analysis, the validity of the results is then propagated into the area where physical similarity is not exhibited. In solved case the conditions of physical similarity were also not fulfilled in all parameters simultaneously.
AXISYMMETRIC MODEL
Experimental results with measuring transversal vibration of the elastically supported plug of axisymmetric model of the regulating valve are presented. The walls in the vicinity of the valve seat were geometrically similar to the real valve. Air was used as a medium, and the outlet part of the model (diffuser) was connected with the vacuum chamber. The suction operated model is represented in Fig. 1 , and there is a detail of the elastic support of the plug in Fig. 2 . The plug has a exchangeable base. In this case the flat base was used. Vibration was measured with two accelerometers, each was placed on inner walls of the plug. They had relative angular displacements of 90°. Many results obtained during experiments with a complicated system are influenced by the way in which the given state of the system was achieved. Two different sets of experiments were carried out: a) In the first experiment the plug lift had a constant value. At first the pressure ratio was decreased to the minimum (p 2 /p 1 os 0.2) and then increased to the original value.
That cycle took about four minutes. Fig. 3 . This paper gives results of the second group of measurements only, when the elastic support (see Fig. 2 ) had 4 mm diameter and the plug had a plane base. The eigenfrequency of the plug in the medium at rest f . in this case was 23.5Hz. For this case, the boundaries of the self-excited vibration are presented in Fig. 3 ; the full-line denotes the beginning of the self-excited transversal vibration in the phase of increasing plug lift, and the dashed line denotes the end of the selfexcited transversal vibration during decreasing plug lift. The boundary for the increasing lift is somewhat accurately defined owing to the sudden appeareance of selfexcited vibration. This is accompanied by sudden increase in amplitude of vibration (see In Fig. 5a the character of plug vibration for some values h/D is shown (cases A + D). The case A corresponds to the forced vibration and case D corresponds to the selfexcited vibration. The case C illustrates the transient state owing to the existence of more stable solutions of the system and their hysteresis (compare with Fig. 5b : cases E + G are the self-excited vibration for h/D decreasing). The case B corresponds to the self-excited plug vibration, but it is in the region which has not been analysed yet.
The occurence of the self-excited vibration is due to the nonlinear mutual relationship between the amplitude, velocity of vibration movement, and dynamic forces which result from the action of the fluid flow on the vibrating body (see e.g. Berger, Wille, 1972) . Mathematical formulation of this phenomenon can be based on the Van der Pol's equation, where damping coefficients are proportional to the flow parameters (see e.g. Tondl, 1991) . The phase shift between orthogonal components of aerodynamic forces F , and Fy which have frequencies fy os fy , generates relatively slow shift of the resultant force around the circumference of the plug, and circling vibration then occurs. The frequency, of the selfexcited vibration, was from 21.3 -21.8 Hz in all experiments. Therefore it was lower then f in all measurements. 0
MODEL WITH RECTANGULAR CROSS-SECTION OF THE CHANNEL ("2D-MODEL)
The above-mentioned complicated change of plug vibration leads to the conclusion that a more detailed study of the valve, as an aeroelastic system,requires detailed study of the corresponding changes in the flow field. The wake behind axisymmetric bluff bodies is not well known (e.g.Hasimoto, Kambe, 1988 , Kozlov, Dovgal, 1991 , Monkewitz, 1988 owing to theoretical and experimental difficulties.
In this case, for the first experimental flow-field study, a model with rectangular cross-section was used so that the interferometric measurement technique could be used. This model simulates two-dimensional.conditions for the flow (the width of the channel was 80 mm), and its geometry is similar to the axial cross-section of the axisymmetric model. This model was also connected with its outlet part to the vacuum chamber and air was used as a flowing medium. Detail of the elastic support of the plug is in Fig. 6 . The eigenfrequency of the plug, with cylindrical base, was 29.3 Hz, with flat base 36.3 Hz owing to the different plug mass. In the course of the experiments the isentropic Mach number in the critical section was up to 1.7, and the Reynolds number based on the isentropic velocity and on the height of the plug H was up to Re = 6.106. The samples of interferogramms obtained with a Mach-Zehnder interferometer appear in Figs. 8 and 9. The method of infinite width of fringes was used. The change of isentropic Mach number AM, which is equivalent to the change of flow density of one fringe has the value indicated by the relationship expressed in Fig. 7 . In Fig. 8a , there is a group of interferogrammes of the flow behind the rigidly supported plug. When certain intervals of flow parameters are combined with certain parameters of the channel structure (lift, plug base geometry), a dramatic vortex structure is generated. It can be seen from the equivalent group of interferogramms (see Fig.8b ), which illustrates the flow field when the plug is elastically supported, that vibrations of the plug can strongly affect the flow field even when they are relatively small. The ratio of amplitudes of vibration to the diameter of the plug was on the order of thousandths. The vortex structure however, disappears with large vortices. A similar effect of vibration on the vortex structure was observed, e.g. in wakes of cylinders at low Reynolds numbers flows (Berger, 1967) . It is possible to explain such a phenomenon by analogy with nonlinear interaction of multiple frequencies in the wake of the airfoil with external action, (Williams-Stuber, Gharib, 1990) : "Wakes with one or two .distinct frequencies behave in an ordered manner -being either locked or quasiperiodic. When a third incommensurate frequency is added to the system, the flow demonstrates chaotic behaviour". The abovementioned observation of the disappearance of the vortex structure in the valve can then be explained as the result of the interaction of plug, wake and channel cavity eigenfrequencies. On the contrary, in fixed intervals of the above-mentioned parameters, small, very intensive vortices are generated (see Fig. 9 ). These vortices flow along the diffuser axis in not quite regular distances from one other. Fig. 10 represents the dependence of the peak of the plug vibration frequency spectra on the plug lift and on the pressure ratio. In the case of flat plug-base, the frequency of vibrations is lower or greater than fo (see Fig. 10a ). However, in the case of the plug with cylindrical base, the frequency of vibration is always greater then f o (Fig. 10b) . The general view of both these relationships is similar. The attempt to explain the behaviour of the plug vibration was made with simplifications, e.g. the influence of the wake was neglected. The resulting equation involved only the influence of the flow in the vicinity of the critical cross-section on the frequency of the plug vibration (Dvorak, 1990) . The comparison with experimental results shows that this mechanism can only be used in the region of small plug-lifts under higher subsonic velocities.
The accuracy evaluation of all these experiments depends on the accuracy of pressure and displacement evaluation, which are:
-pressure -mean time value ± 1%, -amplitude of pressure pulsation ± 2%, -amplitude of plug displacement (computed from acceleration) approx. 5% . a) the existence of plug self-excited vibration in the certain region of valve operation parameters was proved; b) it has been found the hysteresis of the plug self-excited vibration: the region of valve operation parameters, where self-exciting oscillations of the plug occur, depends on the history, of how these parameters had changed (if the lift or pressure ratio increased or decreased independently or in combination).
2)For the model with rectangular cross-section of the flow field, in the course of aerodynamic measurements, it has been established that:
a) the generation of vortex structures with large vortices was suppressed due to the elasticity of the plug support; b) in a given geometry, small intensive vortices, which flow along the channel axis, occur, when there is a fixed interval of plug lift and pressure ratio. The regularity of their occurence is smaller than in the case of Kdrmdn vortex street. 
